I
nsulin resistance is a major pathogenic factor in both insulindependent and noninsulin-dependent diabetes mellitus (1, 2) . Chronic hyperglycemia is the cause of most complications associated with diabetes (3) and leads to impaired insulin responsiveness in target tissues such as muscle and fat (4, 5) . Although the molecular basis of pathologies associated with diabetes is complex (6) , glucose-induced insulin resistance or ''glucose toxicity'' appears to be associated with an increased flux of glucose through the hexosamine biosynthetic pathway (HSP) (7) (8) (9) (10) .
In cultured adipocytes, Marshall et al. (8) first implicated the HSP in glucose-induced insulin resistance by demonstrating a requirement for the rate-limiting enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT). Much subsequent work has established a role for HSP in mediating insulin resistance. Glucosamine, which enters the HSP downstream of GFAT, substitutes for high glucose in mediating desensitization of adipocytes and skeletal muscle to insulin-stimulated glucose uptake in vitro (8, 11) . In vivo, glucosamine has been used as a model for inducing insulin resistance (12) (13) (14) . Inhibitors of GFAT, such as azaserine, reverse hyperglycemia-induced insulin resistance but not glucosamine-induced insulin resistance (8) . Furthermore, transgenic mice overexpressing GFAT in skeletal muscle and adipose tissue have decreased glucose disposal rates (9) .
Several consequences of increased flux through the HSP may mediate insulin resistance. The end products of this pathway, UDP-␤-N-acetylglucosamine (GlcNAc) and UDP-N-acetylgalactosamine, are substrates for the glycosylation of proteins and lipids. It has been suggested that in skeletal muscle an increased UDP-GlcNAc level is responsible for high glucoseinduced insulin resistance (15) . In addition to being used in the synthesis of classical complex glycosylation, UDP-GlcNAc is the donor sugar for a carbohydrate modification in which single GlcNAc moieties are enzymatically attached to Ser and Thr residues of cytosolic and nuclear proteins (O-linked GlcNAc, O-GlcNAc) (16, 17) . O-GlcNAc transferase, the enzyme catalyzing the addition of O-GlcNAc, responds to the physiological range of UDP-GlcNAc concentrations occurring in cells (18) (19) (20) (21) . An increased level of UDP-GlcNAc, caused by insulin and glucosamine infusion, renders mice insulin-resistant and skeletal muscle proteins exhibit elevated O-GlcNAc levels (22) .
O-GlcNAc is a regulatory posttranslational modification more analogous to phosphorylation than to other types of glycosylation (23) (24) (25) (26) . In some cases, O-GlcNAc competes with phosphorylation at specific sites (27) (28) (29) (30) , and a reciprocal relationship between phosphorylation and O-GlcNAc has been observed globally (31, 32) . In models of hyperglycemia, insulin resistance has been attributed to postreceptor defects in insulin signaling (33) . In view of the potential interplay between O-GlcNAc and phosphate in signaling cascades (26) , we considered the possibility that aberrantly high levels of O-GlcNAc antagonize insulin signaling and promote insulin resistance.
O-GlcNAcase is a nucleocytoplasmic enzyme that catalyzes removal of O-GlcNAc from proteins (34) (35) (36) . O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate (PUGNAc) is a GlcNAc analogue that potently inhibits OGlcNAcase in cells (37) . PUGNAc prevents cycling of OGlcNAc on proteins, leading to globally elevated levels of this modification without significantly altering N-linked glycosylation or UDP-GlcNAc levels (37) . Differentiated 3T3-L1 cells expressing the GLUT4 transporter are a well-characterized model system for the study of insulin resistance (38, 39) . In this article, we show that inhibition of O-GlcNAcase by PUGNAc in 3T3-L1 adipocytes leads to insulin resistance. We examine the relationship between elevated O-GlcNAc levels and reduced activation of downstream effectors of the insulin receptor. Finally, the O-GlcNAc modification status of individual members of the insulin signaling cascade in insulin-responsive and insulin-resistant 3T3-L1 adipocytes is determined.
Briefly, preadipocytes were differentiated in DMEM, 10% FBS with dexamethasone (390 ng͞ml), insulin (1 g͞ml), and methylisobutylxanthine (115 g͞ml) for 48 h and then treated with insulin (1 g͞ml) for an additional 48 h. Adipocytes were used for experiments 8-11 days after addition of differentiation factors.
Antibodies and Reagents. The anti-O-GlcNAc antibody used is a mouse monoclonal IgM from ascites designated 110.6 (41) . For 110.6 immunoprecipitations, antibody was bound and covalently coupled by using dimethyl pimelimidate (Pierce) to agaroseconjugated anti-IgM (Sigma). For 110.6 Western blots, secondary antibody was horseradish peroxidase-conjugated goat antimouse IgM ( chain-specific) (Sigma). In all cases, Western blots were developed with ECL reagent and imaged on hyperfilm (Amersham Pharmacia). Antibodies were obtained against the following antigens: phosphotyrosine (horseradish peroxidasecoupled PY20 mouse monoclonal IgG 2a , from Santa Cruz Biotechnology), insulin receptor ␤ subunit and GLUT4 (rabbit polyclonal IgG raised against the whole proteins), insulin receptor substrate (IRS) 2 and phospho-Akt Thr-308 (Upstate Biotechnology, Lake Placid, NY), Akt, glycogen synthase kinase 3␤ (GSK3␤), and ␤-catenin (Santa Cruz Biotechnology), phospho-GSK3␣͞␤ Ser-21͞9 (Cell Signaling, Beverly, MA), and IRS-1 (Transduction Laboratories, Lexington, NY). Recombinant human insulin was from Roche Diagnostics. PUGNAc (Carbogen, Aarau, Switzerland), [ 14 C]-2-deoxyglucose (2-DOG, NEN), glucosamine and 2-DOG (Sigma), DMEM, serum, penicillin, and streptomycin (Life Technologies, Gaithersburg, MD) were commercially obtained.
Glucose Uptake. All uptake assays were performed in triplicate from at least two separate sets of cells. Glucose uptake assays were performed as described (42) , with minor modifications. Cells were washed twice with 5 ml of Krebs-Ringer's phosphate buffer (KRP: 128 mM NaCl͞4.7 mM KCl͞1.25 mM CaCl 2 ͞1.25 mM MgSO 4 ͞1 mM Na 2 HPO 4 at pH 7.4), and acute insulin stimulation at indicated concentration was performed in 1 ml of KRP on cells in monolayer on 3-cm cell culture dishes (Falcon) for 7 min at 37°C. Fifty microliters of [ 14 C]-2-DOG at 2.0 Ci͞ml in 4 mM ''cold'' 2-DOG was added at the time of insulin stimulation. After stimulation, cells were washed two times in ice-cold PBS and lysed in 0.5 M NaOH containing 0.1% SDS, and total disintegrations per min taken up into cells were determined by liquid scintillation (Wallac 1410). Insulindependent 2-DOG DPM uptake was measured as unstimulated uptake subtracted from insulin-stimulated uptake.
Cell Treatments. For PUGNAc treatment of cells, 3T3-L1 adipocytes were cultured for 16 h in DMEM containing 4 mM glucose in the absence of serum and containing PUGNAc (100 M). After 16 h, cells were refed with identical media for 3 h. For glucosamine and͞or chronic insulin treatment of cells, 3T3-L1 adipocytes were cultured for 16 h in DMEM containing 4 mM glucose in the absence of serum with 0.2% BSA (Sigma) and containing 5 mM glucosamine͞5 mM Hepes, pH 7.6 and͞or insulin (1 nM). After 16 h, cells were washed twice and refed with identical media used during 16-h treatment, but lacking insulin. Cells were then washed twice with Krebs-Ringer's phosphate buffer (KRP) and stimulated in KRP with various concentrations of insulin for the indicated time at 37°C.
Western Blotting and Immunoprecipitation. Whole-cell lysates for Western blotting were obtained by scraping 3T3-L1 cells from 6-cm culture dishes in 400 l of 1% SDS, transferring to Eppendorf tubes, and boiling for 10 min. Laemli buffer was added directly to lysates for SDS͞PAGE. Lysates for immunoprecipitations were obtained by scraping cells in 1% Nonidet P-40 buffer containing 15 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, protease inhibitors, and 1 M PUGNAc to inhibit deglycosylation during lysis. Protein concentrations in lysates were determined by using the Bio-Rad protein reagent. Immunoprecipitations with indicated antibodies were performed overnight at 4°C and captured with protein A͞G Sepharose (Santa Cruz Biotechnology) unless otherwise indicated, washed in RIPA buffer (1% Nonidet P-40 buffer described above, but including 0.1% SDS, 0.25% sodium deoxycholate, and not containing protease inhibitors or PUGNAc), followed by washing in TBS. Proteins were boiled off Sepharose beads in Laemli buffer for SDS͞PAGE. SDS͞PAGE was performed with precast minigels (Bio-Rad), and separated proteins were transferred to poly(vinylidene dif luoride) (Immobilon-P from Millipore), blocked at least 1 h in 4% BSA in 0.1% TBS-Tween20, and probed with indicated antibodies overnight at 4°C. After binding of appropriate horseradish peroxidase-coupled secondary antibodies, ECL detection was used. In cases where densitometry was used to quantitate Western blot signals, the Flourchem imaging system and software (Alpha Innotech, San Leandro, CA) were used. All immunoprecipitations and Western blots were performed at least in duplicate, and densitometry results shown are from one representative experiment.
Results

Elevated O-GlcNAc Modification of Proteins Leads to Insulin Resis-
tance in 3T3-L1 Adipocytes. We initially tested the hypothesis that insulin resistance mediated by the HSP may be caused by elevated O-GlcNAc levels. Using PUGNAc, we specifically blocked cycling of the O-GlcNAc posttranslational modification through inhibition of O-GlcNAcase, the enzyme that catalyzes O-GlcNAc removal. PUGNAc treatment elevated O-GlcNAc levels as determined by Western blotting of wholecell extracts with the O-GlcNAc-specific antibody 110.6 (Fig.  1A) . This treatment did not affect total protein levels, and cells were fully viable and maintained adipocyte morphology (data not shown). We then examined the effect of elevated OGlcNAc levels on insulin-stimulated glucose uptake by using radiolabeled 2-DOG. 3T3-L1 adipocytes in the absence or presence of PUGNAc were stimulated with a range of insulin concentrations and 2-DOG uptake was measured. Insulin concentrations ranged from physiological to pharmacological doses. At all levels of insulin tested, PUGNAc caused defective insulin-stimulated 2-DOG uptake, leading to levels of resistance as high as 39% (Fig. 1B) . PUGNAc had no significant effect on basal 2-DOG uptake (data not shown) and insulindependent uptake ranged from 2-to 6-fold of basal depending on conditions.
In 3T3-L1 cells, glucosamine treatment and chronic insulin exposure are required to establish insulin resistance (38) . As expected, neither glucosamine (5 mM) treatment alone or chronic insulin (1 nM) alone affected insulin-stimulated 2-DOG uptake, whereas in combination these treatments resulted in 51% insulin resistance (Fig. 1C) . As measured by Western blotting of whole-cell extracts with the anti-O-GlcNAc antibody 110.6, chronic insulin alone also had no effect on O-GlcNAc levels and glucosamine alone only slightly elevated O-GlcNAc on some proteins. However, resistance induced by a combination of these treatments correlated with a dramatic increase in OGlcNAc levels (Fig. 1C) .
Early Insulin Receptor Signaling and GLUT4 Expression Are Normal in 3T3-L1 Cells Rendered Insulin-Resistant by PUGNAc. We wanted to determine what steps in the insulin signaling pathway are defective during PUGNAc-induced insulin resistance. A critical receptor proximal signaling event is the tyrosine phosphorylation of IRS-1 and IRS-2 after their association with the activated insulin receptor (43) . Phosphotyrosine blotting of crude extracts did not reveal PUGNAc-induced defects in tyrosine phosphorylation of the insulin receptor or IRS proteins in response to 10 nM acute insulin ( Fig. 2A) . Insulin receptor and phosphotyrosine Western blotting of immunoprecipitations with the insulin receptor ␤ subunit revealed no PUGNAc-induced defects in expression levels or autophosphorylation in response to 10 nM insulin stimulation (Fig. 2B) . Similarly, IRS-2 and phosphotyrosine Western blotting of IRS-2 immunoprecipitates displayed normal expression and phosphorylation in response to insulin under conditions in which PUGNAc caused insulin resistance (Fig. 2C) . Western blotting of whole-cell extracts showed similar levels of GLUT4 in normal and PUGNAc-treated cells (Fig. 2D) , indicating that insulin resistance induced by elevated O-GlcNAc is not caused by reduced expression of this insulin-responsive glucose transporter.
PUGNAc-Induced Elevation of O-GlcNAc Inhibits Insulin-Stimulated
Akt Phosphorylation at Thr-308 and GSK3␤ Phosphorylation at Ser-9.
Next, we examined which downstream components of the insulin signaling pathway were negatively regulated by elevated OGlcNAc. The phosphoinositide-dependent Ser͞Thr protein kinase Akt (also known as protein kinase B, or PKB) has been implicated as a downstream effector controlling glucose uptake (44, 45) , although this view has been challenged (46) . Akt activation appears to require phosphorylation of Thr-308 by the PDK1 kinase (47) . Western blotting with different amounts of extract from 3T3-L1 cells showed that whereas Akt protein levels remained unchanged in response to PUGNAc treatment, insulin-induced phosphorylation of Akt at Thr-308 was inhibited by PUGNAc (Fig. 3) .
GSK3␤, an upstream inhibitor of glycogen synthase, is inactivated by insulin (48), contributing to stimulation of glycogen synthesis. Although targets of Akt in signals regulating glucose transport are not fully understood, Akt activation leads to inhibition of GSK3␤ at least in part through its phosphorylation at Ser-9 (49, 50). Having observed a defect in Akt phosphorylation as a result of elevated O-GlcNAc levels, we next examined whether the downstream phosphorylation of GSK3␤ at Ser-9 was also inhibited. Whereas PUGNAc had no effect on GSK3␤ protein levels (Fig. 4A) , Western blotting of extracts with a phospho-specific antibody showed that insulin-stimulated phosphorylation of GSK3␤ at Ser-9 was defective (Fig. 4 B and C) . These findings indicate that a postreceptor mechanism through which elevated O-GlcNAc interferes with insulin signaling is acting at or upstream of Akt, and that the defect observed interferes with activation of Akt and its ability to signal to a downstream effector. 
PUGNAc-Induced Insulin Resistance Is Associated with Increased O-
GlcNAc Modification of IRS-1 and ␤-Catenin. O-GlcNAc modification may negatively regulate components of the insulin signaling pathway. We thus examined which, if any, of the known proteins of the pathway are modified by O-GlcNAc. O-GlcNAccontaining proteins, immunoprecipitated from control or PUGNAc-treated 3T3-L1 cell lysates, were Western-blotted with a panel of antibodies against known mediators of the insulin receptor signaling pathway. Although defects in insulinstimulated Akt and GSK3␤ phosphorylation were observed, we could not detect these proteins in O-GlcNAc immunoprecipitates (data not shown). Although phosphatidylinositol 3-kinase (PI3-kinase) activity is required for insulin-stimulated Akt activation (51), the p85 subunit of PI3-kinase was also not detectable in O-GlcNAc immunoprecipitates (data not shown). However, IRS-1, which binds both the insulin receptor and p85, and participates in the signaling pathway for Akt activation and glucose uptake (52) , was detected in O-GlcNAc immunoprecipitates in a PUGNAc-dependent manner whereas total IRS-1 protein levels were unaffected (Fig. 5A) .
Although the presence of increased nucleocytoplasmic OGlcNAc in response to PUGNAc was confirmed on lysates, O-GlcNAc was not detected on either Akt or GSK3␤ immunoprecipitates ( Fig. 5 B and C) . A GSK3␤ coimmunoprecipitating protein running at approximately 110 kDa was detected and its state of O-GlcNAc modification increased in response to PUGNAc. The activity of GSK3␤ is thought to regulate the stability of the 110-kDa protein ␤-catenin by means of a tight complex also containing adenomatous polyposis coli protein and axin (53, 54) . Immunoprecipitates of ␤-catenin were recognized on Western blots by the anti-O-GlcNAc antibody and immunoreactivity increased in response to PUGNAc (Fig. 5D ).
Discussion
Several possible mechanisms for insulin resistance induced through the HSP have been proposed, including increased proteoglycan formation, glycosylphosphatidylinositol anchor biosynthesis, glycosylation of lipids, complex N-linked glycosylation, and increased O-GlcNAc modification of proteins (6) . We have implicated elevated O-GlcNAc modification of nucleocytoplasmic proteins as the downstream mediator of insulin resistance caused by increased flux through the HSP. Although the combination of glucosamine entry into the HSP and chronic insulin are required to induce insulin resistance (8, 38) , PUGNAc induced elevation of O-GlcNAc alone inhibits insulinstimulated glucose uptake. Furthermore, only insulin resistance induced by the combination of chronic insulin and glucosamine treatment, but neither alone, markedly increased O-GlcNAc levels (Fig. 1C) . The fact that exogenous glucosamine alone is able to elevate UDP-GlcNAc levels (55), the donor sugar nucleotide for O-GlcNAc modification, suggests that chronic insulin treatment acts on one or both of the enzymes (O-GlcNAc transferase and O-GlcNAcase) responsible for O-GlcNAc cycling. Consistent with our findings, rats rendered insulinresistant by glucosamine and chronic insulin treatment exhibit elevated levels of O-GlcNAc modification in muscle (22) , and the transcription factor Sp1 is more heavily modified by OGlcNAc in hyperglycemic bovine aortic endothelial cells (56) .
We next wanted to determine the molecular defects in insulin signaling responsible for PUGNAc-induced insulin resistance. No defect in insulin receptor ␤ subunit or IRS tyrosine phosphorylation was observed after PUGNAc treatment (Fig. 2  A-C) . This finding is consistent with studies showing that glucosamine-or hyperglycemia-induced insulin resistance is not associated with insulin receptor or IRS tyrosine phosphorylation defects (33, 57) . Although it has been suggested that HSPmediated insulin resistance is associated with reduced GLUT4 expression (38) , Buse and colleagues (55) found that HSPmediated insulin resistance at physiological levels of chronic insulin is not associated with reduced GLUT4 levels. Similarly, we found that PUGNAc has no effect on the expression level of GLUT4 (Fig. 2D) . Next, elevated O-GlcNAc levels were shown to lead to a defect in insulin-stimulated phosphorylation of Akt at Thr-308 (Fig. 3) and phosphorylation of GSK3␤ at Ser-9 (Fig.  4) . The finding of a defect at the level of Akt is consistent with defects in Akt activation in response to excessive flux through the HSP in retinal neurons (58) and adipocytes (59) .
Having established that PUGNAc causes a defect in Akt activation (Figs. 3 and 4) , the glycosylation status of members of the insulin signaling cascade was investigated. Our observation that IRS-1 is modified by O-GlcNAc in a PUGNAc-responsive manner (Fig. 5A ) is in good agreement with Yki-Jarvinen and colleagues (57) , who showed that IRS-1 is modified by OGlcNAc in rat muscle. We were unable to demonstrate anti-OGlcNAc antibody cross-reactivity with immunoprecipitated Akt and GSK3␤ (Fig. 5 B and C) . However, this does not exclude the possibility that these molecules are modified by O-GlcNAc. The stoichiometry of the modification might have been below the limit of detection by this antibody, or the 110.6 antibody may have specificity that excludes recognition of a subset of OGlcNAc-modified sites. In connection with this, Dennis and colleagues have determined that recombinant bacculovirusexpressed human Akt1 is modified by O-GlcNAc (J. W. Dennis, personal communication), and Lubas and Hanover (21) showed that GSK3␤ was an in vitro substrate for O-GlcNAc transferase. ␤-Catenin, an established GSK3␤ binding partner (53) , was shown to be modified by O-GlcNAc in a PUGNAc-responsive fashion (Fig. 5D) . Insulin was shown previously to stimulate the ␤-catenin pathway (60) , and work by others suggests that ␤-catenin is modified by O-GlcNAc in MCF-7 cells (61) . Thus, at least two known downstream effectors of the insulin receptor, IRS-1 and ␤-catenin, are modified by O-GlcNAc, and the extent of this modification was increased by provoking insulin resistance with PUGNAc.
Although this study was with adipocytes, excessive flux through the HSP has been shown to affect insulin signaling in a variety of other cell types as well as whole animal models (9-14, 56, 58, 59) . Therefore, the modification of signaling proteins by O-GlcNAc should be considered a possible mechanism by which increased shunt through the HSP alters signal transduction systems. The mechanisms by which O-GlcNAc impinges on insulin signaling are no doubt complex. In addition to kinases that mediate insulin signaling, negative regulators of insulin signaling, such as the inositol 5Ј-phosphatase SHIP2 (62), should be considered as candidates for regulation by O-GlcNAc. Although O-GlcNAc may compete for insulin-stimulated phosphorylation sites on effector molecules, O-GlcNAc may also directly regulate components of insulin signaling.
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